Solvate ionic liquids (SILs) are a promising electrolyte for Li-ion batteries; thus, their behavior at electrified interfaces is crucial for the operation of these batteries. We report molecular dynamics simulation results for a prototypical SIL of lithium triglyme bis-(trifluoromethanesulfonyl)imide ([Li(G3)][TFSI]) sandwiched between electrified surfaces. At negatively charged as well as neutral electrodes, the electrolyte largely maintains the characteristics of SILs in terms of the interfacial Li + ions' coordination by a similar number of oxygen atoms on G3 ligands as the bulk Li + ions. The persistence of the complex ions is attributed to the 1:1 Li−G3 ratio in bulk SILs and the fact that G3 molecules readily adapt to the interfacial environment by aligning themselves with the surface to ensure good solvation of the interfacial Li + ions. Nevertheless, the interfacial Li + ions also display changes of solvation from that in bulk SIL by deviating from the molecular plane formed by the oxygen atoms on G3 ligands as electrodes become more negatively charged. Using density functional theory along with natural bond orbital calculations, we examine the effects of such structural distortion on the properties of the complex cation. Both the frontier orbital energies of the complex cation and the donor−acceptor interactions between Li + ions and G3 ligands are found to be dependent on the deviation of Li + ions from the molecular plane of the G3 ligands, which suggests that the electrochemical reduction of Li + ions should be facilitated by the structural distortion. These results bear important implications for the nanostructures and properties of SILs near electrified interfaces during actual operations of Li-ion batteries and serve to provide guidance toward the rational design of new SIL electrolytes.
INTRODUCTION
Because of their remarkable properties including negligible vapor pressure, nonflammability, and high ionic conductivity, 1−5 ionic liquids (ILs) have attracted much attention for applications in diverse fields such as energy storage, 3 green solvents, 4 and drug delivery. 5 ILs can be roughly divided into four categories: aprotic, protic, inorganic, and solvate ILs. 6 The novel solvate ILs (SILs) are different from the other members of the IL family in that they are concentrated mixtures of salts and solvents. In a recent review, 7 Watanabe and co-workers proposed a series of criteria for concentrated mixtures to be classified as SILs instead of concentrated solutions. On the basis of the proposed criteria, many equimolar mixtures of alkali metal salts and oligoethers, or so-called glymes, can be considered as SILs. 7 Glymes are often abbreviated as Gn, where n depends on the repeating units in the formula of CH 3 O(CH 2 CH 2 O) n CH 3 . The multiple alkoxy oxygen atoms in glymes make them excellent polydentate ligands. For instance, in equimolar mixtures of Li[TFSI] salt and Gn (e.g., G3 for triglyme or G4 for tetraglyme), Gn molecules coordinate with Li + ions to form stable [Li(Gn)] + complex cations featuring a co-planar chelate structure. 8, 9 These mixtures are composed entirely of [Li(Gn)] + complex cations and TFSI − anions, which endow them with key characteristics of ILs and make [Li(Gn)][TFSI] prototypical SILs.
Experimental investigations have been carried out to explore the fundamental properties and potential applications for many SILs. SILs with different anions (e.g., TFSI − , BETI − , and OTf − ), 10 cations (e.g., Li + , Na + , and K + ), 11 and solvents (e.g., cyclic tetrahydrofuran and acyclic G1 through G4) 12, 13 have been extensively examined. From these studies, it has been found that [Li(Gn)][TFSI] can serve as a promising electrolyte for electrochemical devices such as Li-ion and Li−S batteries because they offer advantages over conventional room temperature ionic liquids (RTILs) in terms of high Li + ion concentration, high Li transference number, strong oxidative stability, and ability to suppress the dissolution of lithium polysulfides. 7−14 For example, recent experiments have suggested that the oxidative stability of Gn molecules is enhanced by their complex formation with alkali metal cations. 9 In addition, it was shown that Li + ion transport in the electrolyte proceeds mainly through the migration of the [Li(Gn)] + complex cation, along with a Grotthuss-like ligandexchange mechanism induced by electrochemical reactions at the solid−liquid interface. 9 Nevertheless, these SILs still demonstrate good ionic conductivity up to 10 −3 S cm −1 . 15 Further, it was also reported that these SILs can suppress the dissolution of lithium polysulfides and thereby ensure the stable operation of a Li−S battery for over 400 cycles with a high discharge capacity of 700 mA h g −1 and a Coulombic efficiency of 98%. 14 In parallel with the experimental investigations, simulation studies have been performed to clarify the structural and dynamic characteristics of [Li(Gn)][TFSI] SILs. Molecular dynamics (MD) modeling is an effective tool for the studies of SILs when reliable force fields are available. 16−18 MD simulations based on force fields built under the framework of the AMBER and OPLS force fields 19 have been shown to be successful in predicting the structure and dynamics of bulk SILs. The structure factor determined in these simulations agrees well with that obtained from diffraction and scattering experiments. 16 The coordination environments of Li−Gn and Li−anion in bulk SILs have also been investigated using MD simulations. These simulations confirmed the formation of [Li(Gn)] + complex cations in bulk SILs. 16−18 The computed coordination number of the Li + ion in [Li(G4)] + agrees well with the experimental measurement using the Li isotopic substitution method. 18 Furthermore, the trend of the dynamic property of [Li(Gn)][TFSI] computed in these simulations is also consistent with the experimental results. 16, 17 In addition to MD simulations, quantum chemical and density functional theory (DFT) methods have also been used to study SILs, for example, by optimizing the geometry of the complex cations and probing the redox mechanism. 9, 20 For instance, the crown-ether-like chelate conformation of the [Li(Gn)] + complex cation was obtained by geometry optimizations and vibrational analyses. 9, 20 Geometry optimizations also indicated that Li + ions tend to be coordinated by all four oxygen atoms in the G3 molecule and two oxygen atoms in the TFSI − ion in the gas phase of [Li(G3)][TFSI]. 17 The calculations of frontier orbitals of [Li(Gn)][TFSI] showed that the coordination of Li + ions can considerably lower the highest occupied molecular orbital (HOMO) energy levels of Gn molecules, which is consistent with the experimental observation that the formation of the [Li(Gn)] + complex cation improves the oxidative stability of the Gn molecules. 9 On the other hand, the lowest occupied molecular orbital (LUMO) is associated with the electrochemical reduction of reactive species. Although the existing theoretical calculations on SILs provide useful insight, they were performed for structures optimized in the gas phase without considering electric double-layer (EDL) effects.
These prior studies on the nanostructure, transport, and electrochemical properties of SILs have greatly advanced our understanding of SILs in the bulk. However, the studies of SILs at interfacial layers are still scarce, despite the fact that the application of SILs in electrochemical systems depends critically on their behavior at electrode−SIL interfaces. Although the structure of interfacial electrolytes has been extensively investigated, 21−26 limited simulations have been reported for SILs at electrode interfaces. 27, 28 For example, the structure of [Li(G4)][TFSI] near graphene surfaces has been studied using MD simulations, in which the layering of SILs, adsorption (desorption) of counterions (co-ions), and the coordination environment of Li + ions at the negative electrodes were reported. 28 Overall, however, the behavior of SILs at electrode interfaces is not well understood and many questions remain open. For example, what is the structure of the SILs near electrodes with different surface charge densities? What are the differences of the coordination environments between SILs in the bulk and at electrified interfaces? Would the complex cations undergo structural distortions near electrode surfaces from their ideal co-planar structure and, if any, how do the structural distortions affect the frontier orbital characters of [Li(Gn)] + and the interactions between Li + ions and G3 ligands? Motivated by these questions, in this work we combined MD simulations and DFT calculations to study the nanostructures and properties of [Li(G3)][TFSI] at the electrified interfaces.
SIMULATION SYSTEM AND METHODS
2.1. MD System. Figure 1 shows a schematic of the simulation system, which consists of two graphene electrodes and a slab of SILs.
The electrodes measure 4.68 × 4.91 nm 2 in the xy-plane and their spacing in the z-direction is 8.0 nm, which is wide enough to produce a bulklike SIL in the middle of the system. A large vacuum is introduced beyond the simulation region sandwiched by the two electrodes, so that the periodic box measures 24 nm in the z-direction. In different simulations, small partial charges are distributed uniformly on all atoms of the two electrodes to produce a surface charge density (σ) of 0, ±0.12, or ±0.24 C/m 2 . These surface charge densities are selected to be relevant to the operation of Li-ion batteries. Li-ion batteries have an equilibrium voltage of ∼3.7 V. Assuming a capacitance of 0.1 F/m 2 for the double layers near the electrodes, which is typical for double layers in conventional RTILs, 1 the equilibrium surface charge density of these electrodes can be estimated as ∼±0.18 C/m 2 . As batteries operate at a voltage lower (or higher) than the equilibrium voltage during discharging (or charging), the charge densities of ±0.12 and ±0.24 C/m 2 are smaller and greater than the estimated value at equilibrium and, therefore, are relevant to the Li-ion battery discharging and charging, respectively. [TFSI] − anions sandwiched between two charged electrodes. In (a), the blue, red, green, and gray spheres denote the TFSI − ion, G3 molecule, Li + ion, and electrode atoms, respectively. In (b,c), the magenta, red, gray, white, blue, yellow, and cyan spheres denote the lithium ion, oxygen, carbon, hydrogen, nitrogen, sulfur, and fluorine atoms, respectively. The simulation system, cations, and anions were visualized using the visual MD (VMD) package. 29 In all simulations, the slab of SILs consists of 323 G3 molecules and 323 pairs of Li + and TFSI − ions.
2.2. Molecular Models. We adopt [Li(G3)][TFSI] as the model SIL because recent studies have shown that the G3 molecule shows a better oxidative stability than the G4 molecule in Li batteries. 9 We used all-atom models for [Li(G3)][TFSI] based on the molecular geometry optimized by a quantum chemical method at the HF/6-311G** level. 9 We adopted the force fields developed by Shimizu et al. 16 for the [Li(G3)][TFSI] molecules. 19 MD simulations based on these force fields have been shown to accurately reproduce the nanostructure of bulk [Li(G3)][TFSI] (e.g., coordination of Li + ions by the G3 molecules) measured experimentally. 16 The electrode atoms are modeled as carbon atoms with the same Lennard-Jones parameters as those of the sp 2 carbons in the Amber force fields. 30 2.3. MD Methods. Simulations were performed using the Gromacs code 31 in the canonical ensemble. A system temperature of 400 K, which is below the decomposition temperature of [Li(G3)][TFSI], 32 was used. This elevated temperature was chosen to ensure effective sampling of the phase space, as common in simulations of ILs. The system was evolved using a time step of 2 fs using the velocity Verlet integrator. The system temperature was maintained by the velocity rescaling thermostat with a time constant of 2 ps. 33 The nonelectrostatic interactions were computed by direct summation with a cut-off length of 1.2 nm. The electrostatic interactions were computed using the particle mesh Ewald (PME) method. The real space cutoff and fast Fourier transform spacing were set to 1.2 and 0.12 nm, respectively. All bonded interactions were computed except that the length of the C−H bonds were constrained using the linear constraint solver (LINCS) algorithm. 34 To remove the interactions between periodic images in the z-direction, the slab correction to the PME method was applied. 35 All systems were first run for 10 ns, when the density distribution of molecules in the system reached an equilibrium. Then, a production run of 40 ns followed.
2.4. DFT Calculations. Starting from the previously reported molecular geometry, 9 the structure of the [Li(G3)] + complex cation was optimized at the DFT level with the B3LYP/6-311G** method, 36−38 using the Gaussian 09 program. 39 The energies of delocalized frontier orbitals HOMO and LUMO were obtained from the optimized geometry. Following the geometry optimization, natural bond orbital (NBO) calculations were carried out using the NBO 3.1 program 40 interfaced to the Gaussian 09 program. Within the NBO calculations, the delocalized molecular wave functions were transformed into localized forms, and second-order perturbation theory analyses were performed to calculate the donor−acceptor interactions between the Li + ion and the G3 ligand. To study the effect of structural distortion of the [Li(G3)] + complex cation from the ideal co-planar geometry, the frontier HOMO and LUMO orbital energies and donor−acceptor interactions between the Li + ion and the G3 ligand were rigidly scanned as a function of Li + −G3 distance Figure 1 ) in three simulation systems with electrode surface charge densities of 0 (a,b), ±0.12 (c,d), and ±0.24 C/m 2 (e,f). The surfaces of the left and right electrodes are located at z = 0 and 8 nm, respectively. Z, defined as the distance from the Li + cation to the molecular center of the G3 ligand. To that end, a plane is fitted based on the four O atoms of the G3 molecule through a singular value decomposition method, and then the Li + ion is pulled out of the G3 ligand along the direction normal to the fitted plane. The atomic coordinates for the [Li(G3)] + complex cation in a range of z = 0−3.0 Å with a step size of 0.25 Å were deposited in the Supporting Information. Both delocalized molecular orbitals and localized lone-pair (LP) orbitals were visualized using the VMD 1.9.3 software. 29 
RESULTS AND DISCUSSION
Near extended surfaces, conventional ILs are well known to exhibit distinct structures from their bulk. 3,41−46 Below, we first examine the structure of [Li(G3)][TFSI] near electrode surfaces with different surface charges, that is, the out-ofplane layering of a SIL, the in-plane ordering of the [Li(G3)] + complex cation, and the coordination of Li + ions by the G3 molecules. On the basis of the results from MD simulations, we describe how the structural distortions affect the properties of [Li(Gn)] + complex cations.
3.1. Out-of-Plane Layering. Figure 2 shows the number density profiles of the Li + ion, the TFSI − ion, and the G3 molecule in the three systems with electrode charge density of 0, ±0.12, and ±0.24 C/m 2 , respectively. The position of the TFSI − ion is based on its nitrogen atom. The position of the G3 molecule is based on only one of its oxygen atoms (atom O2 in Figure 1 ), as representing the G3 molecule using other atoms (e.g., atom O1 in Figure 2 ) leads to nearly the same density profiles (see Figure S1 in the Supporting Information).
In the neutral system, the distributions of ions and G3 molecules near the two electrodes are identical (see Figure  2a ,b). Both ions and G3 molecules show notable density peaks near the electrodes because of the well-known layering effect, but their densities become largely uniform about 2 nm from the electrode surface, similar to those reported for [Li(G4)]-[TFSI] near neutral graphene surfaces. 28 Below, we focus on the evolution of the interfacial structure as the electrode charge density changes.
As positive charge densities are brought to the electrode surface, the first TFSI − ion density peak near the electrode becomes higher and approaches closer to the electrode, whereas the first Li + ion peak is pushed away from the electrode (see Figure 2b ,d,f). At σ = 0.12 C/m 2 , the TFSI − ions and Li + ions form alternating layers near the electrode, which is one of the hallmarks of EDLs in conventional ILs. 3,41,47−50 At σ = 0.24 C/m 2 , the first layer of TFSI − ions can no longer fully screen the surface charge, and a second layer of TFSI − develops at z = 7.12 nm. Such a phenomenon is similar to the lattice saturation effects reported for EDLs of conventional ILs near highly charged electrodes, where the first, close-packed layer of bulky counterions adsorbed on the electrode is not enough to fully screen the surface charge and a second counterion layer is formed next to it. 51, 52 This crowding-induced formation of a second TFSI − layer near the electrode occurs at a charge density lower than that in conventional RTILs 53−55 (e.g., the critical surface charge density has been estimated to be ∼0.5 C/m 2 in a recent study). 54 This difference is attributed to the fact that, unlike in prior works, the first layer of TFSI − ions near the electrode is solvated by the G3 molecules in the first G3 peak near the electrode. We also observe that G3 molecules form a distinct layer adjacent to the electrode and the density peak of this layer becomes sharper as σ increases. At σ = 0.12 C/m 2 , the first G3 peak is ∼0.36 nm away from the first Li + peak, indicating that G3 molecules in this peak are no longer coordinated to Li + ions. The large separation of adsorbed G3 from Li + ions becomes more distinct at σ = 0.24 C/m 2 . This phenomenon implies that the electrolyte near the electrode may lose the characteristics of SILs at the surface charge densities considered here. We caution that these predictions are based on the force fields parameterized to reproduce the behavior of bulk SILs, and therefore the performance of these force fields for interfacial SILs remains to be established rigorously. Nevertheless, the above results point to the need to quantify the distribution of interfacial G3 molecules experimentally.
As negative surface charge densities are introduced, the distribution of the interfacial Li + ions also changes greatly. At σ = 0, the interfacial Li + ions mostly accumulate in the density peak at z = 0.63 nm, and the G3 density is high both above and below this Li + layer, indicating that these Li + ions are well solvated by G3 molecules. At σ = −0.12 and −0.24 C/m 2 , significant contact adsorption of Li + ions on the electrode surface occurs. The contact adsorption observed here was not reported in the prior simulations of [Li(G4)][TFSI] at electrified interfaces. 28 This is likely caused by two reasons. First, the G4 ligands have more oxygen atoms to coordinate with the Li + ions, and therefore G4 molecules bind more strongly with the Li + ions than G3 molecules. 9, 16, 17 Hence, it is more difficult for Li + ions to weaken their coordination with G4 to become contact-adsorbed. Second, the surface charge density in our simulation is higher (−0.12 and −0.24 C/m 2 compared to −0.05 and −0.10 C/m 2 in the prior studies 28 ), which facilitates the contact adsorption of Li + ions. The separation between the contact-adsorbed Li + ions and the first G3 density peaks is 0.15−0.20 nm in our systems (cf. Figure  2c ,e). This separation is much smaller than that between the first Li + and G3 peaks near the positively charged electrodes, 0.36−0.85 nm (cf. Figure 2d ,f). Therefore, although the contact-adsorbed Li + ions are somewhat pulled away from their solvating G3 molecules (see below), the interfacial G3 and Li + ions near the negatively charged electrodes are better coordinated than those near the positively charged electrodes.
The above results clearly show that the coordination in the [Li(G3)] + complex cations is modified near electrified surfaces. The modification is less distinct near the negatively charged electrodes: the [Li(G3)] + complex cations likely persist near even highly charged negative electrodes, where the electrolytes largely maintain the characteristics of SILs. Therefore, in the rest of this work, we focus on the interfacial structures near the negatively charged electrodes and compare them to those in the bulk and near the neutral electrode.
3.2. Li + Ion Coordination. The out-of-plane layering of SILs near the electrode surface shown above is accompanied by the change of coordination of interfacial Li + ions by G3 molecules. Hence, we analyze the Li + ion coordination by focusing on the coordination number of the interfacial Li + ions, their three-dimensional details, and the conformation of the interfacial G3 molecules.
We first computed the coordination number of the interfacial Li + ions by counting the number of G3's oxygen atoms coordinating each ion. Interfacial Li + ions are defined as the Li + ions in the first peak next to the electrode surface (see Figure 2 ; near the neutral electrodes, Li + ions in the broad first peak located within 0.88 nm from the surface are considered to improve statistics). A G3 molecule's oxygen atom is considered to be coordinating a Li + ion if its distance to the ion is less than Figure S2 in the Supporting Information). Figure 3a shows that the interfacial Li + ions near the neutral surface have a coordination number of 4.28, which is slightly higher than that of bulk Li + ions (3.62). To further examine the coordination of interfacial ions, we evaluated the local solvent structure near a Li + ion located at the first density peak (z = 0.63 nm, cf. Figure 2a ). Specifically, we computed the density of G3 molecules' oxygen atoms as a function of their radial distance r from the Li + ion in the xy-plane and their distance z from the electrode surface. Previous work on the solvation of interfacial ions by RTILs suggested that the cylindrical averages of the three-dimensional solvation structure of interfacial ions can offer valuable insight difficult to obtain in the average solvation number. 23, 26 Figure 4a shows that the oxygen atoms of G3 molecules surround the Li + ions from all directions, that is, the electrode surface does not impede G3's oxygen atoms from solvating the ion. This observation, along with fact that G3 molecules are enriched near the electrode surface because of the layering effect, leads to a higher coordination number for the interfacial Li + ions than the bulk Li + ions. Because all four oxygen atoms of the G3 molecules reside essentially in one plane (see Figures S3 and S4 in the Supporting Information), the oxygen atom distribution around the Li + ion shown in Figure 4a suggests that the interfacial G3 molecules solvating the Li + ion can orient their plane relatively randomly with respect to the electrode surface, which is indeed observed in our simulations (see Figure S4a in the Supporting Information).
When the surface charge density of the electrode changes to −0.12 C/m 2 , the coordination number of the interfacial Li + ions decreases slightly to 4.00, which is still 10% higher than that of bulk Li + ions. This is an interesting observation. Because the interfacial Li + ions are now contact-adsorbed on the electrode surface (cf. Figure 2c ), no oxygen atom can solvate the Li + ion from the electrode side (see Figure 4b ), and thus one could have expected the coordination number of Li + ions to reduce greatly. Indeed, such contact adsorptioninduced reduction of ion solvation has been observed for the counterions at organic electrolyte−electrode interfaces. 21 In the context of interfacial Li + ions, their contact adsorption is not favored near neutral or moderately charged electrodes in contact with conventional ILs such as [BMIM][BF 4 ] 22,23 or polymer electrolytes. 24 However, their contact adsorption has been reported near negatively charged electrodes in contact with mixed-solvent electrolyte tetramethylene sulfone/dimethyl carbonate, and notable reduction of their solvation was also observed. 25 The weak reduction of coordination number as Li + ions in SILs are contact-adsorbed on surfaces can be ascribed to the following reason. The coordination number of a Li + ion is ∼3.62 in bulk SILs because of the 1:1 ratio between the G3 molecule and the Li + ion. Therefore, when a Li + ion moves from the bulk to the electrode surface, if the G3 molecule coordinating it adopts a co-planar conformation with respect to the surface, then the Li + ion can maintain a similar coordination number as in the bulk. The postulated co-planar conformation of the G3 molecules solvating the Li + ion is consistent with the calculated oxygen atom distribution near the ion (see Figure 4b ) and is supported by the calculated orientation of the plane formed by its oxygen atoms (for brevity, this plane is hereafter termed the plane of the G3 molecule) with respect to the electrode surface (see Figure S3 in the Supporting Information).
When the surface charge density of the electrode changes to −0.24 C/m 2 , the coordination number of interfacial Li + ions drops significantly to 2.34 (65% of the bulk value, see Figure  3a ). As shown in Figure 4c , the oxygen atoms solvating the Li + ions reside in a plane slightly higher than the Li + ion. Hence, the G3 molecules solvating the Li + ion should adopt a coplanar conformation with respect to the electrode surface (see Figure S3 in the Supporting Information). The distinct reduction of the Li + ion's coordination number in this case is due to the crowding of the [Li(G3)] + complex cations near the highly charged electrode surface. The [Li(G3)] + complex cation is bulky and has a diameter of ∼0.81 nm in the plane formed by the oxygen atoms of the G3 molecule (see Supporting Information). Using the ion density profile in Figure 2e , the density of Li + ions adsorbed on the electrode surface is found to be 2.2 nm −2 . As the complex cations are adsorbed on the surface in a planar conformation (cf. Figure  S3 ), this density exceeds the close packing limit of [Li(G3)] + ions on the electrode surface (1.77 nm −2 based on a diameter of 0.81 nm for the complex cation). Therefore, near the highly charged electrode surface, some interfacial Li + ions must lose their coordination by oxygen atoms and become partially desolvated.
Another aspect of the coordination of Li + ions is how many G3 molecules are coordinated to each Li + ion. To clarify this aspect, we computed the number of G3 molecules that simultaneously coordinate interfacial and bulk Li + ions. Following the prior study of bulk [Li(G3)][TFSI], 16 a G3 molecule is considered to be coordinating a Li + ion if at least one of its oxygen atoms is coordinating the ion. Using this criterion, we found that a Li + ion can be coordinated by up to two G3 molecules, and the frequency of different numbers (0, 1, and 2) of G3 molecules coordinating bulk and interfacial Li + ions is shown in Figure 3 (b1−b3) . Similar to the bulk Li + ions, the interfacial Li + ions near electrodes with σ = 0 and −0.12 C/ m 2 are mostly coordinated by one G3 molecule. Occasionally (∼16.5% chance), a Li + ion near neutral electrodes can be coordinated by the oxygen atoms of two G3 molecules. This is likely because the two dense layers of oxygen atoms flanking the interfacial Li + ions can provide coordination to these ions (see Figure 2a ). As the surface charge density increases to −0.24 C/m 2 , 17.7% of the interfacial Li + ions are no longer coordinated by any G3 molecule. The desolvation of these Li + ions is due to the crowding effect described above. The remaining solvated interfacial Li + ions are each coordinated by almost all four oxygen atoms of a G3 molecule. This result suggests that, even near a highly charged electrode, a majority of the interfacial Li + ions remain chelated by G3 molecules. Figure 3 shows that a majority of the interfacial Li + ions maintain their solvation shell, which mainly consists of the oxygen atoms from a single G3 molecule. Although their coordination number could be the same as that of the bulk Li + ions, their solvation by the G3 molecules can deviate from those in the bulk. Indeed, the oxygen atom distribution shown in Figure 4c shows that an interfacial Li + ion is pulled away from the plane of the G3 molecule solvating it. To quantify this effect, for each interfacial Li + ion solvated by three or more oxygen atoms of a single G3 molecule, we compute its distance to the plane of that G3 molecule. Figure 5 shows that, near neutral electrodes, the interfacial Li + ions mostly reside within the G3 molecules' plane, similar to the Li + ions in the bulk. Near electrodes with σ = −0.12 C/m 2 , on average, Li + ions are pulled out of the G3 molecule's plane by 0.08 nm, although some Li + ions still reside in G3's plane. As the electrode is electrified even more to σ = −0.24 C/m 2 , the interfacial Li + ions are pulled further out of the G3's plane by an average distance of 0.14 nm. This observation of structural distortions near charged electrode surfaces is further examined below with DFT calculations.
The structure of interfacial SILs presented above is obtained near relatively ideal electrodes where only the surface charge density of an electrode affects interfacial ions greatly. Nevertheless, the insight gained here can help one construct a reasonable picture on how the molecular details of realistic electrodes affect the solvation and distribution of the interfacial Li + ions. For example, in the presence of hydrophilic functional groups on the electrode, notable contact adsorption of Li + ions should occur before the surface charge density decreases to −0.12 C/m 2 because the "solvation" of the Li + ion by the hydrophilic surface functional groups can compensate partly the penalty caused by reduction of solvation by the G3 molecules. On the other hand, because the functional groups protruding from the electrode surface can compete with G3 molecules for the space near the contact-adsorbed Li + ions, the G3 molecules solvating the Li + ions may not be able to adopt the ideal co-planar chelate structure shown in Figure 5 .
3.3. In-Plane Ordering. The in-plane ordering of interfacial ions, that is, the arrangement of ions in the horizontal plane parallel to the electrode surface, can affect both the thermodynamic properties of the EDLs and the dynamics of these ions. 43, 56, 57 Here, we probe the in-plane ordering of the first layer of Li + ions near neutral and negatively charged electrodes by quantifying the uniformity of their packing in the horizontal plane. Specifically, we performed a Voronoi tessellation of the first layer of Li + ions projected onto the electrode surface. Figure 6a shows a representative Voronoi tessellation of the first layer of Li + ions near the electrode with σ = −0.24 C/m 2 . The dots denote the Li + ions and each tessellated cell represents the space associated with a Li + ion. Figure 6b shows the distribution of the areas associated with the Li + ions near electrodes with three different surface charge densities [note that the area associated with individual ions (A i ) is normalized by the average area of all ions (A̅ )]. The distributions of the area associated with Li + ions near electrodes with σ = 0 and −0.12 C/m 2 are similar. As the surface charge increases to −0.24 C/m 2 , the distribution becomes narrower, indicating that the interfacial Li + ions become more ordered. The transition of the interfacial Li + ions from a relatively disordered structure at zero and low electrode charge to the more ordered structure at high electrode charge can be understood from the packing of the [Li(G3)] + complex cations near the electrode surfaces.
Our above analysis for the coordination of interfacial Li + ions shows that a majority of these ions remain solvated and their solvating G3 molecules align their plane largely parallel to the electrode surface. Near electrodes with σ = 0 and −0.12 C/ m 2 , the density of the first layer of Li + ions (thus, the [Li(G3)] + complex cations) is ∼0.3 and 0.9 nm −2 , respectively. Because the diameter of a [Li(G3)] + complex cation is ∼0.81 nm, the neighboring [Li(G3)] + ions do not approach each other closely. Therefore, the distribution of the interfacial [Li(G3)] + ions (thus, the Li + ions) in the horizontal plane shows weak ordering. Near electrodes with −0.24 C/m 2 , however, the density of Li + ions reaches 2.2 nm −2 so that the [Li(G3)] + ions formed by these ions approach each other closely. The repulsive interactions between these [Li(G3)] + ions force them to form a more ordered structure akin to the two-dimensional Wigner crystals. 58 3.4. DFT Calculations. The MD results presented above reveal that the complex cations of [Li(G3)] + could survive the negatively charged electrodes by maintaining the SIL characteristics. However, unlike the structure in the bulk and near neutral electrode surfaces, the [Li(G3)] + complex cation near the negatively charged electrode surfaces displays a structural distortion from its ideal co-planar conformation. To understand how the structural distortion affects the frontier orbital characters of [Li(G3)] + and the interactions between the Li + ion and the G3 ligand, and especially its relevance to the actual operations of Li-ion batteries, in the following we discuss DFT and NBO results for the [Li(G3)] + complex cation. Figure 7 shows the variations of the HOMO and LUMO energies of [Li(G3)] + as a function of the distance Z from a Li + ion to the center of a G3 molecule. Note that the energies of the frontier orbitals are affected by multiple factors including, but not limited to, electrostatic potentials of the added charges on the electrode surface, the electric field strength near EDLs, screening effects from surrounding molecules or ions, and computational methods. Herein, we examine only the qualitative trend of the energy change as a [Li(G3)] + complex cation undergoes a structural distortion by the broadly used hybrid B3LYP functional. It is found that the HOMO energy is lifted, whereas the LUMO energy is lowered with increasing Li + −G3 distance Z. As a result, the HOMO−LUMO gap is reduced. However, this does not mean that the electrolyte stability window is narrowed. Near the surface of a negative electrode in a Li-ion battery, oxidation reactions should take place on the HOMO of the LiC 6 species in the carbon . Rigid scan of HOMO and LUMO energies as a function of Li + −G3 distance Z, calculated using the B3LYP/6-311G** method for the [Li(G3)] + complex cation optimized by the same method. The inset shows the top and side views of the [Li(G3)] + complex cation with Z = 0 Å. The magenta, red, gray, and white spheres denote lithium ion, oxygen, carbon, and hydrogen atoms, respectively. The complex cation was visualized using the VMD package. 29 electrode instead of the HOMO of [Li(G3)] + in the electrolyte during the discharging process, and reduction reactions should take place on the LUMO of [Li(G3)] + in the electrolyte during the charging process. In the former process, lithium is oxidized and extracted as Li + from the C 6 matrix and solvated by the glyme ligands to form complex ions in the electrolyte, whereas in the latter process, Li + in the electrolyte is reduced and intercalated into the C 6 matrix. Therefore, the lifting of the HOMO energy does not make the complex ion to be oxidized more easily with the structural distortion. On the other hand, the lowering of the LUMO energy implies that during the charging process, the electrochemical reduction of Li + ions is facilitated by the structural distortion. The frontier orbitals are further visualized to verify that the LUMO is associated with the Li + ion instead of the G3 ligand. For the ideal co-planar structure (Z = 0 Å), both HOMO and LUMO are delocalized on the G3 ligand ( Figure S5 in the Supporting Information). In contrast, with the structural distortion (Z = 1.5 Å), the LUMO is no longer delocalized on the G3 ligand but is mainly localized on the Li + ion, although the HOMO remains so ( Figure S6 in the Supporting Information). This shows that the Li + ions of complex cations with structural distortion are ready to be reduced and intercalated into negative electrode materials.
We also carried out NBO calculations to gain a deeper insight into the interactions between Li + ions and G3 ligands as the complex cation undergoes a structural distortion. In line with the Lewis acid−base concept 59 and the classification introduced by Pearson, 60 the Li + ion is considered a hard Lewis acid because of its empty orbitals, whereas the G3 ligand molecule is a hard Lewis base because of the presence of LP orbitals on the O atoms. Each of the four O atoms (O1−O4) contributes two LP orbitals, making a total of eight LP orbitals. According to our NBO calculations, all of the LP orbitals display local σ−π separations ( Figure S7 in the Supporting Information), similar to those observed in a water molecule and other divalent oxygen-containing molecules. 61, 62 The four σ-type LP orbitals adopt an sp 1.4 hybridization, showing a slightly lower p-component than typical sp 2 -hybridized orbitals. In comparison, the four π-type LP orbitals are nearly 100% pure p-orbitals. Because of the presence and absence of the s-components, respectively, the σ-type LP orbitals (ca. −20 eV in energy) are more stable than the π-type LP orbitals (ca. −13 eV in energy). The main difference between the σand πtype LP orbitals manifests in that the former lie in the local C− O−C planes, whereas the latter are perpendicular to the local C−O−C planes. It is also worth pointing out that although the four O atoms are nearly co-planar, the LP orbitals on the four O atoms display different orientations, even within the same σor π-type orbitals ( Figure S7 in the Supporting Information). Figure 8 shows the donor−acceptor interactions between a Li + ion and a G3 ligand as a function of Li + −G3 distance Z, calculated by second-order perturbation theory analysis. For this analysis, we adopted a finer step size of 0.25 Å to avoid missing any details of energy changes. The second-order interaction energies E(2) characterize the stabilization of the [Li(G3)] + complex cation as a result of the delocalization from the occupied Lewis LP orbitals on O atoms to the empty non-Lewis orbitals on the Li + ion, which is related to the Lewis acid−base binding. The stabilization is dominated by the interactions between Li + and the σ-type LP orbitals of O atoms, resulting from their preferential orientations and therefore their better overlap with the empty non-Lewis orbitals on the Li + ion. The stabilizations for the π-type LP orbitals are on the same order of hydrogen bonds. For the Z = 0 structure, the E(2) energies are identical for O1/O4 and O2/ O3 because of the C 2 point group symmetry of the complex cation. However, as the complex cation undergoes a structural distortion, the C 2 symmetry is broken. The E(2) energies of the σ-type LP orbitals essentially show monotonic decrease with increasing distance Z, except for O1 and O3 at Z = 0.25 Å where the subtle difference arises from their preferential orientation ( Figure S7a in the Supporting Information). In comparison, all of the E(2) energies of the π-type LP orbitals display some oscillations in the small Z range until 0.75 Å, after which all decrease monotonically with increasing distance Z. The anomalous variations at a small Z range can be rationalized by the different orientations of the π-type LP orbitals ( Figure S7b in the Supporting Information), whereas the monotonic variations at a large Z range are mainly dictated by the distance Z. On the basis of these NBO results, it can be seen that the Li + −G3 interactions are significantly weakened as the complex cation undergoes a structural distortion from the ideal co-planar conformation. This effect also contributes to facilitating the electrochemical reduction of Li + at the negative electrode during the charging process.
CONCLUSIONS
In summary, we have studied the nanostructure of a prototypical SIL [Li(G3)][TFSI] at electrified interfaces using MD simulations and have calculated the frontier orbital energies and Li + −G3 interactions as a function of the structural distortions for the [Li(G3)] + complex cation using DFT and NBO methods.
Near positive electrodes, alternating layers of Li + and TFSI − ions are observed, similar to those in conventional ILs. Free G3 molecules not coordinating to any Li + ions were already observed near electrodes with σ = 0.12 C/m 2 , which is aggravated with σ = 0.24 C/m 2 . This suggests that the electrolytes near electrodes with moderate or high positive charge may no longer behave as SILs, but such a picture must be scrutinized by further studies. Near negative electrodes, however, the electrolyte largely maintains the characteristics of Figure 8 . Rigid scan of donor−acceptor interactions between a Li + ion and a G3 ligand as a function of Li + −G3 distance Z, obtained by second-order perturbation theory analysis in NBO calculations, using the B3LYP/6-311G** method for the [Li(G3)] + complex cation optimized by the same method. The numberings of O atoms (O1− O4) and the σand π-type LP orbitals can be seen in Figure S7 in the Supporting Information.
SILs. For electrodes with σ = −0.12 C/m 2 , all contactadsorbed Li + ions are solvated, with a coordination number slightly higher than that of bulk Li + ions; near electrodes with σ = −0.24 C/m 2 , 82.3% of the interfacial Li + ions are solvated by G3 molecules, with a coordination number slightly lower than that in the bulk. The small change of the coordination number of a Li + ion as it moves from bulk to negative electrodes is attributed to the low (1:1) Li + −G3 ratio in bulk SIL (thus, the coordination number is low in the bulk) and the fact that G3 molecules align their geometrical plane with the electrode surface to maximize their solvation of the interfacial Li + ions. The strong solvation of the interfacial Li + ions affects the nanostructures of electrolytes near the electrodes, for example, bulky [Li(G3)] + complex cations adsorbed on negative electrodes develop notable in-plane ordering when the surface charge density increases to −0.24 C/m 2 .
Although the coordination number of the interfacial Li + ions is similar to that of bulk Li + ions, their solvation structure does show some differences. As the electrode becomes more negatively charged, the Li + ion is gradually pulled away from the geometrical plane formed by the alkoxy oxygen atoms of the G3 molecule. DFT molecular orbital calculations show that the HOMO energy is lifted whereas the LUMO energy is lowered as the [Li(G3)] + complex cation undergoes structural distortions from the ideal co-planar conformation. The decrease of LUMO energy implies that the electrochemical reduction of Li + ions near a negative electrode in a Li-ion battery is facilitated by the structural distortion during the charging process, which is verified by the localization of the LUMO orbital on the Li + ion that is pulled out of the G3 molecular plane. NBO calculations further show that the interactions between a Li + ion and a G3 ligand are significantly weakened by the structural distortions. This effect may also facilitate the electrochemical reduction of Li + at the negative electrode during the charging process.
Overall 
